Background: There is some evidence that the n-6/n-3 long-chain polyunsaturated fatty acids (LCPUFAs) ratio in early nutrition, and thus in breast milk, could influence infant body composition.
t he amount of n-3 long-chain polyunsaturated fatty acids (LCPUFAs) in human breast milk is subject to maternal nutrition and further modified by maternal adipose tissue stores (1), gestational age and stage of lactation (2, 3) , and the individual's genetic constitution (variants in the FADS1/2 gene cluster) (4, 5) . There is an ongoing debate about whether the amount of n-3 LCPUFAs, and particularly the proportions of docosahexaenoic acid (DHA, 22:6n-3), provided to the developing infant during the breastfeeding period may result in functional differences of health outcomes in the offspring.
As recently reviewed, there is insufficient evidence from randomized controlled trials (RCTs) to support or refute the practice of giving n-3 LCPUFA supplementation ("fish oil") to breastfeeding mothers to improve infant growth, children's neurodevelopment, visual acuity, or allergy risk (6) .
An upcoming question in the context of fetal programming of later disease susceptibility is whether the balance between the n-6 and n-3 LCPUFAs in early nutrition, and thus in breast milk, could play a role in childhood obesity (7) . Although prenatal and/or postnatal n-3 LCPUFA supplementation has been shown to reduce obesity in rodents (8, 9) , although not consistently proven (10, 11) , evidence in humans is limited and restricted to a few post hoc studies using in large part inadequate methods to assess infant fat mass (12) .
The INFAT (The Impact of Nutritional Fatty acids during pregnancy and lactation for early human Adipose Tissue development) study addresses the question as to whether lowering the n-6/n-3 long-chain fatty acid (FA) ratio in the diet of pregnant and breastfeeding women may reduce adipose tissue growth early in life and could, thereby, offer a completely novel approach for the primary prevention of childhood obesity (13) . This hypothesis was originally proposed by Ailhaud et al. based on data from various sources suggesting a proadipogenic effect of arachidonic acid (AA) and a counteracting effect of n-3 LCPUFAs (14) .
We recently published the clinical results of this prospective randomized RCT examining adipose tissue growth up to the first year of the infant's life. We could not verify the initial hypothesis because we found no intervention effect on fat mass development in the offspring (15) .
The purpose of the present analysis was to determine the effect of circulating proportions of n-6 and n-3 LCPUFAs and their ratio in breast milk on measures of infant growth and body composition within the first year of life.
RESULTS
Breast milk samples were available from n = 152 women at 6 wk postpartum and n = 120 women at 4 mo postpartum. The FA profile in red blood cells (RBCs) was measured in a subsample of 56 infants at 4 mo postpartum and 31 infants at 12 mo postpartum. The dietary intervention resulted in significantly higher levels of DHA and eicosapentaenoic acid (EPA), as well as higher proportions of α-linolenic acid, n-3 docosapentaenoic acid, PUFAs, and total n-3 LCPUFAs in breast milk at 6 wk postpartum as compared with those of the control group (Table 1) . By contrast, breast milk contents of dihomo γ-linolenic acid, adrenic acid, and monounsaturated FAs were significantly reduced in the intervention group as compared with the control group at 6 wk postpartum. Basically, the same FA profile was measured in breast milk taken at 4 mo postpartum as shown in Table 1 .
Breast milk fatty acid profile in relation to
Breast milk proportions of AA did not differ between the groups throughout lactation.
The n-6/n-3 LCPUFA ratio was significantly reduced in the intervention group as compared with the control group throughout the entire lactation period (P < 0.001, Table 1 ).
Relationship Between the FA Composition of Breast Milk and Maternal Blood
Breast milk contents of DHA, EPA, AA, n-3 LCPUFA, and n-6 LCPUFA, as well as the AA/DHA ratio and the n-6/n-3 LCPUFA ratio at 6 wk postpartum were significantly positively correlated with their respective LCPUFAs in maternal plasma Table S1 online). There was no considerable association between maternal RBC n-6 LCPUFAs and breast milk n-6 LCPUFA level. The maternal breast milk n-6/n-3 LCPUFA ratio was highly correlated with the maternal erythrocyte and plasma phospholipid n-6/n-3 LCPUFA ratio at 6 wk postpartum and 4 mo postpartum (e.g., breast milk approximates maternal plasma phospholipids at 4 mo postpartum: r = 0.941; P < 0.001).
Infant Blood FA Profile in RBCs
Infants born to mothers of the intervention group did not significantly differ in their RBC contents of DHA, EPA or AA at 4 and 12 mo postpartum as compared with the control group ( Table 2) . However, the n-6/n-3 LCPUFA ratio was significantly lower in infants of the intervention group at 4 mo postpartum, whereas the AA/DHA ratio was significantly lower at both time points, 4 and 12 mo postpartum ( Table S2 online). There was a significant posi tive correlation between the n-6/n-3 LCPUFA ratio in AA, arachidonic acid; ALA, α-linolenic acid; C, control; DHA, docosahexaenoic acid; DHγLA, dihomo γ-linolenic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; I, intervention; LA, linolenic acid; LCPUFA, long-chain polyunsaturated fatty acid; MUFA, monounsaturated fatty acid; RBC, red blood cell; SFA, saturated fatty acid.
a Changes in infant fatty acid profile over time were determined by using the Wilcoxon test.
Milk LCPUFAs and infant body composition
Articles breast milk at 4 mo of lactation and the n-6/n-3 LCPUFA ratio in infant erythrocytes at 4 mo postpartum (n = 51; r = 0.505, P = 0.0002) and even at 12 mo postpartum (n = 29; r = 0.387; P = 0.039). Significant positive correlations were also found for the breast milk AA/DHA ratio at 4 mo postpartum and infant RBC AA/DHA ratio at 4 mo (n = 51; r = 0.619; P < 0.0001) as well as at 12 mo postpartum (n = 29; r = 0.467; P = 0.012).
Early Breast Milk FA Profile (6 wk Postpartum) in Relation to Infant Growth and Body Composition
There were significant positive associations between DHA, EPA, and total n-3 LCPUFAs and different measures of infant fat mass across all time points: DHA, EPA, and total n-3 LCPUFAs in early breast milk were significantly positively associated with the sum of four skinfold thickness (SFT) measurements at 1 y of age, and for DHA also at 4 mo postpartum ( Table 3) . Furthermore, the n-3 FAs were positively associated with some individual skinfolds at the different time points over the first year of life (data not shown): e.g., DHA, EPA, and n-3 LCPUFAs in early breast milk were significantly positively related to biceps SFT in 4 mo olds (r = 0.14, P = 0.035; r = 0.16, P = 0.042; r = 0.15, P = 0.037), whereas DHA and n-3 LCPUFAs were significantly positively related with triceps SFT in 1 -y olds (r = 0.24, P = 0.034; r = 0.25, P = 0.041). Although only a trend, there were positive associations between breast milk EPA and triceps SFT (r = 0.23, P = 0.054), subscapular SFT (r = 0.16, P = 0.090), suprailiac SFT (r = 0.13, P = 0.092), percentage body fat (r = 0.18, P = 0.056), and fat mass (g) (r = 0.23, P = 0.077) at 1 y postpartum. Early breast milk DHA and n-3 LCPUFAs were significantly positively related to the ratio of subcutaneous to preperitoneal fat (subcutaneous/ preperitoneal) assessed by ultrasound at 6 wk postpartum ( Table 3) .
By contrast, consistent negative associations were found among early breast milk AA and the total n-6 LCPUFAs and weight, ponderal index, BMI, and lean body mass (LBM, g) up to 4 mo postpartum, as well as among AA and total n-6 LCPUFAs and fat mass (g) up to 6 wk postpartum, but not at 1 y of age ( Table 4) . Early breast milk n-6 LCPUFAs were significantly negatively related to individual SFT, e.g., triceps and suprailiac SFT (r = −0.19, P = 0.025; r = −0.17, P = 0.047), the sum of four SFT measurements and percentage body fat at 6 wk postpartum (r = −0.19, P = 0.036; r = −0.18, P = 0.041). The body compositional data analyses for n-6 LCPUFAs are presented in Supplementary Table S3 online.
The AA/DHA ratio in early breast milk was significantly negatively related to BMI and LBM (g) at 6 wk postpartum, but not at 4 mo or 1 y postpartum. The n-6/n-3 LCPUFA ratio in breast milk at 6 wk postpartum was significantly negatively related to BMI and ponderal index at 6 wk postpartum, and with waist circumference at 1 y postpartum (data not shown).
Neither the AA/DHA ratio nor the total n-6/total n-3 LCPUFAs ratio in early breast milk were significantly related to individual SFT or the sum of four SFT measurements from 6 wk postpartum up to 1 y postpartum (data not shown).
Late Breast Milk FA Profile (4 mo Postpartum) in Relation to Infant Growth and Body Composition
DHA, EPA, and n-3 LCPUFA proportions in late breast milk collected at 4 mo postpartum were significantly negatively related to length at 1 y postpartum (e.g., EPA: adjusted β −12.43 cm (95% confidence interval −20.36, −4.231); r = −0.13; P = 0.004, n = 117), and for EPA and n-3 LCPUFA also with No further significant or consistent relationships were observed between the FA profile in breast milk at 4 mo and infant clinical outcomes up to 1 y of age, neither for the growth indexes nor for the measures of fat mass assessed by SFT measurements or ultrasound (data not shown).
DISCUSSION
The purpose of the present study was to investigate the independent relationships between n-6 LCPUFAs, n-3 LCPUFAs, and their ratios in human breast milk and infant body composition and growth during the first year of life. The association analyses yielded novel results on the differential effects of breast milk FAs from the n-3 FA family vs. the n-6 FA family on infant fat mass and indexes of growth. The central observation was that breast milk n-3 LCPUFAs at 6 wk postpartum were positively associated with parameters of body fat in the offspring, arguing against the hypothesis that exposure to an increased supply of n-3 LCPUFA during early development may prevent an expansive adipose tissue growth.
The specific dietary intervention of the INFAT study was successful, as shown by higher n-3 LCPUFA proportions in breast milk from 6 wk through 4 mo postpartum. Daily supplementation with 1,200 mg LCPUFAs (1,020 mg DHA + 180 mg EPA) and a concomitant moderate reduction in maternal AA intake led to a pronounced decrease in the breast milk n-6/n-3 LCPUFA ratio up to 4 mo postpartum, which was also clearly reflected by the FA profile in infant RBCs at the end of the dietary intervention.
An increased secretion of EPA and DHA into human breast milk upon supplementation with fish oil is in agreement with previous observations from n-3 LCPUFA supplementation RCTs during lactation (16) (17) (18) (19) . However, breast milk AA turned out to be nonresponsive to maternal diet, but tightly controlled, in the present study. This finding is consistent with previous reports from RCTs (16, (18) (19) (20) , describing that n-3 LCPUFA supplementation during pregnancy and lactation does not decrease the proportion of AA in mature breast milk. Also, the concomitant moderate reduction in dietary AA intake during pregnancy in the present study (15) did not affect breast milk AA content. Indeed, breast milk AA is relatively uniform across populations on a worldwide basis (~0.24-1.0% of FAs) (21) , suggesting a physiological and critical role of AA for infant growth and development.
The fact that we also did not observe any considerable correlation between maternal RBCs and breast milk AA levels gives further support to the suggestion that breast milk AA appears 
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Articles to be under strict physiological control. There is evidence that the slowly turning-over maternal body pools of AA are the major source of milk AA (22) , although this association may be modified by the consumption of AA-rich foods/supplements by lactating mothers (in addition to extra n-3 LCPUFAs), which has been demonstrated to dose-dependently increase AA concentrations in breast milk lipids (23) . Breast milk EPA and DHA content constitute the highest variability of all FAs (24, 25) , and breast milk concentrations are closely linked to maternal dietary EPA and DHA intake (26) . However, little is currently known concerning the role of circulating LCPUFAs in breast milk for adipose tissue growth in the offspring, and data from RCTs are particularly scarce.
In a Danish trial, mothers with low habitual n-3 FA intake were randomized to receive either fish oil (supplying 0.62 g EPA and 0.79 g DHA per day) or olive oil from 0 to 4 mo of lactation, and the relationship between infant body composition, as measured by two-sided SFT investigations, and maternal RBC DHA as a biochemical measure of compliance was investigated (27) . The maternal fish oil supplementation during lactation led to an increased BMI and waist circumference at 2.5 y of age. Also, in a subgroup of 60 infants, BMI, waist circumference, triceps SFT, and percentage body fat at 2.5 y of age were positively associated with the DHA content of maternal RBCs at the end of the intervention period in adjusted models. Of note, DHA content in a sample of breast milk taken at 4 mo postpartum was also significantly associated with BMI and waist circumference at 2.5 y, but no association with the sum of triceps + subscapular SFT was found (27) . In the long-term follow-up of the children at 7 y of age, however, none of the growth or body composition variables were correlated with maternal RBC DHA (28) .
The Danish study is the only postnatal n-3 LCPUFA supplementation trial to date performing SFT measurements to determine percentage body fat and thus being able to discriminate between infant fat and LBM. However, the trial suffered from a large dropout rate in the 2.5 y follow-up and exclusively addressed the issue in post hoc analyses.
In a trial from Norway investigating women randomized either to cod liver oil or corn oil from 18 wk of pregnancy until 3 mo of lactation, Helland et al. found no correlation between the content of n-6 LCPUFAs (linolenic acid, AA) in breast milk and BMI at the age of 7 y. By contrast, they observed that the content of α-linolenic acid in breast milk collected at 4 wk and 3 mo after birth was positively correlated with later BMI (29) .
In our study, we found significant positive associations between early, but not late, breast milk LCPUFAs from the three series of different measures of infant fat mass across all time points.
This suggests that, contrary to our original hypothesis, an increased supply of n-3 FAs during critical periods of adipose tissue development in the newborn via breast milk stimulates fat accumulation in early postnatal life. This unexpected finding supports our previous null findings in adipose tissue growth between the intervention and control groups (15) .
This finding is also in contrast with former animal data linking an increased n-3 LCPUFA supply with reduced fat cell differentiation and accumulation in adult rodents and in vitro studies (8, 9) , and in offspring whose mothers were fed a diet high in n-3 FAs during the pregnancy/lactation period (8) . However, in almost all cases, studies in animals have failed to restrict the intervention to the perinatal period, making it impossible to examine the effects of n-3 FA exposure during this critical period.
Another interesting finding of the present study was that early breast milk n-6 LCPUFAs, including AA, showed consistent negative associations with infant body weight, growth parameters such as BMI and ponderal index, and LBM (g) up to 4 mo postpartum, but not at 1 y of age. Early breast milk n-6 LCPUFAs were also significantly negatively related to individual SFT (e.g., triceps, suprailiac SFT), the sum of the four SFT measurements and percentage body fat up to 6 wk postpartum.
This suggests that early breast milk FAs from the n-6 FA family serve as important regulating factors for growth in early postnatal life, and particularly of fat growth and LBM. Due to the low variability of AA contents in breast milk, the ingested volume as defined by the daily amount of milk intake by the breastfed infant might play a critical role in growth-regulatory effects of AA. Further studies are needed to look into such quantitative aspects.
By contrast, early breast milk FAs from the n-3 FA family, thus DHA, EPA, or total n-3 LCPUFAs, were not associated with growth indexes or LBM up to the first year of life, suggesting different functional roles of LCPUFAs from the n-6 vs. n-3 FA series in postnatal growth. Of note, the AA/DHA and the total n-6/n-3 LCPUFAs ratios were significantly negatively associated with BMI at 6 wk postpartum, but were not associated with any of the other outcomes under study up to 1 y postpartum.
Our latter finding is supported by a very recent analysis of the Copenhagen Prospective Study on Asthma and Childhood, a cohort study primarily designed to assess children born to atopic mothers (30) . Pedersen et al. observed no associations between breast milk n-6/n-3 PUFA ratio at ~3 wk postpartum and body composition assessed by dual energy X-ray absorptiometry between the age of 2-7 y. Of note, the Danish study found an inverse relationship between breast milk DHA and parameters of child growth, observed by changes in the timing of adiposity rebound, BMI from 2 to 7 y, and body fat mass, suggesting that high DHA supply to the breastfed infant might delay the age at adiposity rebound. These results have to be confirmed in longterm interventional trials in a nonatopic population.
A strength of the INFAT study is that the breast milk samples were collected at two different time points over the breastfeeding period, which may be a reliable reflection of infant's LCPUFAs supply throughout lactation. This enabled us to investigate the association of both the early and the late breast milk LCPUFA profiles with infant developmental outcome at different postnatal ages. Thereby, we unraveled marked differences in the regulatory function of breast milk LCPUFAs, with early breast milk n-3 LCPUFAs being the more important driver of postnatal fat mass growth.
It is rather unlikely that LCPUFAs from a source other than breast milk have distorted the associations between the FA Articles Much et al.
composition of the breast milk and infant fat mass. Because 95% of the women in both groups in the present study decided to breastfeed their infants and the duration of exclusive breastfeeding was on average 20 wk, the proportion of FAs present in breast milk is expected to reflect the amount of LCPUFAs ingested by the infants.
We acknowledge that the data presented are associations, which may not indicate cause-and-effect relationships. Moreover, the reported associations between breast milk n-3 LCPUFAs and fat mass were significant, but the correlation coefficients were found to be low (3-20% of the variance in SFT), suggesting that other factors are more likely to contribute to adipose tissue growth in early infancy.
We cannot exclude that genetic variants have modified the association between fish oil intake and DHA proportions in human milk. Recently, a Dutch study provided evidence that a high fish (or fish oil) intake in women homozygous for the minor allele for a certain FADS1/2 gene variant was able to compensate for their lower DHA proportions in plasma phospholipids but not in their milk, as compared with carriers of the major allele (31) . However, such gene-diet interactions in LCPUFA metabolism remain to be confirmed in larger studies.
Conclusion
The results of our study suggest that breast milk n-3 LCPUFAs at 6 wk postpartum appear to stimulate fat mass growth over the first year of life, whereas AA seems to be involved in the regulation of overall growth, especially in the early postpartum period. The LCPUFA ratio in breast milk does not seem to be a critical determinant in infant adiposity development. However, a longer follow-up of growth parameters is required to assess potential long-term effects of LCPUFAs in breast milk on these clinical outcomes.
METHODS

Study Design, Subjects, and Dietary Intervention
Data were collected within the INFAT study, an open-label randomized controlled dietary intervention trial with two parallel arms. The INFAT trial was designed as a proof-of-concept study to test the hypothesis that lowering the n-6/n-3 long-chain FA ratio in the diet of pregnant/breastfeeding women may reduce the expansion of adipose tissue growth early in life and may, thereby, represent a completely novel approach for the primary prevention of childhood obesity. The study rationale and design, inclusion and exclusion criteria, and the clinical results regarding infant fat mass up to 1 y of age have been published elsewhere (13, 15) .
In brief, 208 healthy women around their 14th wk of gestation were enrolled into the INFAT study and randomly assigned either to a dietary intervention (1,200 mg n-3 LCPUFAs per day (1,020 mg DHA and 180 mg EPA) + instructions to normalize their AA intake to 90 mg/d) or a control group (healthy diet according to the current guidelines in Germany) from the 15th wk of gestation until 4 mo postpartum (13) .
The primary outcome was infant fat mass estimated by individual and summed SFT measurements up to 12 mo postpartum. Analyses of the primary outcome did not verify the original hypothesis because we found no thinner SFT (i.e., lower fat mass) in the infants whose mothers received the dietary intervention as compared with infants of the control group.
In this report, a preplanned secondary analysis of the initial study protocol was performed. The objective of this analysis was to determine the effects of circulating LCPUFAs in infant blood and in breast milk samples as potential determinants of infant body and adipose tissue growth (13) . Written informed consent was obtained from all the subjects before starting the study. The study protocol was approved by the ethical committee of the Technical University of Munich (no. 1479/06/2006/2/21).
Data, Blood and Milk Sample Collection, and Measurements
Maternal breast milk samples were collected in the morning after an overnight fast in a standardized manner in the study center by breast pump at 6 wk and 4 mo postpartum, aliquoted and immediately stored at −86 °C until analysis.
Infant blood was collected by a pediatrician by venipuncture at 4 and 12 mo postpartum in a subsample in EDTA-containing tubes. Samples were immediately centrifuged to separate erythrocytes and plasma. The erythrocytes were washed with 0.9% NaCl solution, aliquoted, and stored at −86 °C until analysis.
Weight, length, and head circumference of the infant were measured at 6 wk and 4 and 12 mo postpartum (15) . Infant weight-forlength (kg/m), BMI (kg/m 2 ), and ponderal index (kg/m 3 ) were calculated. Longitudinal SFT measurements were performed at 3-5 d postpartum, 6 wk postpartum, and 4 and 12 mo postpartum at four body sites with a caliper in a standardized manner as reported previously (15) . Body fat (%) was calculated according to the method of Weststrate et al. (32) .
Abdominal subcutaneous fat and preperitoneal fat thickness were measured at 6 wk and 4 and 12 mo postpartum by abdominal ultrasonography (15) . The technique used was a modification of the method recently described by Holzhauer and colleagues (33) .
FA Analysis in Breast Milk and RBCs
The analysis of FAs was performed at the Laboratory of Lipid Research, Danone Research, Centre for Specialised Nutrition, Friedrichsdorf, Germany, according to established protocols (34, 35) . FA values are presented as percentage of FA/total FA. All analyses were done in duplicate.
Statistical Analysis
Changes in breast milk FA profile over time were determined by using the Wilcoxon test. Differences in FA values between the groups were compared using the Mann-Whitney U-test. Bonferroni correction of P values was applied to correct for multiple comparisons.
To determine correlations between the FA profile in breast milk and infant blood, Spearman's correlation coefficients were used. To clarify potential influences of breast milk FA profile at different stages of lactation on infant body composition within the first year of life, multipleregression models (analysis of covariance, F-test) and partial correlations (Spearman's r) were performed for the early (6 wk postpartum) and late (4 mo postpartum) breast milk FA profile. Results were corrected for gestational age, parity, infant sex, group, ponderal index at birth, and breastfeeding status in the analysis of the infants at 6 wk, 4 mo, and 1 y. The FA profiles in these body compositional analyses comprise DHA, EPA, n-3 LCPUFA, AA, and n-6 LCPUFA content in breast milk, as well as AA/DHA and n-6/n-3 LCPUFA ratios. Data are shown for selected FAs only. Statistical analyses were performed using software package R version 2·8·1 (R Foundation for Statistical Computing, Vienna, Austria) and PASW software (version 17·0; SPSS, Chicago, IL). A two-sided P value <0.05 was considered statistically significant.
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